Background--Recent evidence suggests that left atrial (LA) dysfunction may be mechanistically contributing to cerebrovascular events in patients with atrial fibrillation (AF). We investigated the association between regional LA function and a prior history of stroke during sinus rhythm in patients referred for catheter ablation of AF.
A trial fibrillation (AF)-the most common arrhythmiaaffects 6 million individuals in the United States. AF is associated with an increased risk of stroke 1, 2 that can be fatal, and survivors are often left permanently disabled. Mechanistically, cerebrovascular events in AF patients are thought to result from ineffective contraction during AF and subsequent intracardiac thrombosis. However, recent evidence suggests that underlying atrial fibrosis and subsequent atrial dysfunction may also be mechanistically contributing to cerebrovascular events in AF patients. For example, an increased left atrial (LA) volume and global LA dysfunction in individuals without clinically recognized AF are an independent predictor of clinical stroke/transient ischemic attack (TIA) [3] [4] as well as subclinical cerebrovascular events detected by brain magnetic resonance imaging (MRI). 5 Our previous study demonstrated that the degree of regional LA dysfunction during sinus rhythm is proportional to the extent of underlying fibrosis quantified by late gadolinium enhancement (LGE) on cardiac magnetic resonance (CMR) in AF patients. 6 In addition, regional LA function during AF is significantly depressed in patients with a prior history of stroke compared with those without, independent of the CHA 2 DS 2 -VASc score, 7, 8 the standard system of risk stratification for stroke based on age, sex, and comorbidities. 9 To further support the concept that the underlying atrial fibrosis and subsequent LA dysfunction may be mechanistically contributing to cerebrovascular events in AF patients, we investigated the association between regional LA function and a prior history of stroke during sinus rhythm in patients referred for catheter ablation of AF. We used tissuetracking CMR 10, 11 to quantify the LA volume and regional LA function.
Methods Study Design
To examine the association of LA structure and function as determined by tissue-tracking CMR with a prior history of stroke or TIA, a single-center, retrospective, cross-sectional study was performed within a longitudinal, prospectively enrolled database for all the patients referred to the Johns Hopkins Hospital for catheter ablation of AF. Between June 2010 and August 2013, 525 consecutive patients were referred for AF ablation ( Figure 1 ). Among these, 300 patients underwent a routine pre-ablation CMR. We excluded patients who were in AF at the time of CMR (n=92, 31%) because the CMR image quality is often poor and the measured LA strains are depressed during AF compared with those in sinus rhythm. 12 We also excluded patients who had a prior AF ablation procedure (n=33), severe valvular disease in echocardiography (n=3), or poor-quality CMR images (n=3). Thus, 169 patients were included in the final analysis. The stroke group (n=18, 11.8%) was identified as those with a prior history of stroke or TIA at the time of CMR; the remaining patients were designated as the control group (n=151). The patients were classified as having either paroxysmal or persistent AF based on the guidelines, 9 and the thromboembolic risk was assessed using the CHADS 2 and the CHA 2 DS 2 -VASc scores. 13, 14 In general, the patients with persistent AF were placed on antiarrhythmic medications and referred for external cardioversion 3 to 4 weeks prior to CMR. 15 All patients gave an informed consent to be included in the prospective patient database prior to the pre-ablation CMR, and the protocol was approved by the Institutional Review Board of the Johns Hopkins Medicine.
CMR Protocol
CMR was performed with a 1.5-T scanner (Avanto; Siemens Medical Systems, Erlangen, Germany) and a 6-channel phased array body coil in combination with a 6-channel spine matrix coil. All images were ECG gated and acquired with breathholding, with the patient in a supine position. to the mean squared error of the image pixel intensity. This was used to accurately track pixel locations between subsequent image frames. Repeating the algorithm, the LA wall was automatically tracked through the cardiac cycle (Videos S1 and S2). With this 2-D displacement field over time from the reference configuration to the deformed configuration, the differentiation with respect to the reference configuration gives the deformation gradient tensor (F), which depends on position. The Lagrangian Green's strain tensor (E) was then calculated as:
where F T is the transpose of F and I is the identity matrix. The strain (S) was defined as a stretch ratio along the longitudinal The LA emptying fractions (EFs) were calculated using V max , V preA , and V min . D and E, The LA strain and strain rate curve. The LA maximum strain (S max ) and pre-atrial contraction strain (S preA ) were identified from the strain curve. The strain rates during LV systole (SR s ), LV early diastole (SR e ), and atrial contraction (SR a ) were also analyzed from the strain rate curve. CMR indicates cardiac magnetic resonance.
axis that represents the length normalized to its length at the reference configuration:
where E ll is the strain with respect to the local longitudinal axis calculated from the E. The global longitudinal strain and strain rate were calculated by averaging all of the strain values obtained in long-axis 2-and 4-chamber views. A positive and negative strain value indicates stretch and shortening, respectively, with respect to the reference configuration at the ventricular end-diastole defined as the peak of R wave on surface ECG. LA maximum strain (S max ) and pre-atrial contraction strain (S preA ) were identified from the strain curve ( Figure 2D ); the strain rates in LV systole (SR s ), LV early diastole (SR e ), and LA contraction (SR a ) were obtained from the strain rate curve ( Figure 2E ).
The LA volume curve was generated by the biplane modified Simpson's method, which was validated using the area-length method, 10, 17, 18 and the maximum LA volume (V max ), pre-atrial contraction LA volume (V preA ), and minimum LA volume (V min ) were extracted ( Figure 2C ). 
Reproducibility
Intra-and interobserver reproducibility for the LA parameters were examined in a group of 20 randomly selected patients by 1 investigator who made 2 independent measurements, and by 2 other investigators who were unaware of the other investigator's measurements and of the study time point. The bias (mean difference) and limits of agreement (1.96 SD of difference) between the first and second measurements were determined by the Bland-Altman method. Intraclass correlation coefficients were also assessed to evaluate reproducibility.
Statistical Analysis
Continuous variables were presented as the meansAESD and categorical variables as frequencies and percentages. The participants' baseline data and LA parameters were compared between the stroke and the control groups using 
Results

Patient Demographics
Clinical characteristics of the patients are summarized in Table 1 
LA Function and Stroke
The time course of LA volume, strain, and strain rate in representative patients with and without stroke are shown in Figure 3 . The CMR parameters in the stroke and the control groups are shown in Table 2 . In the stroke group, the LA volumes (V max , V preA , and V min ) were significantly higher, the LA EFs (total, passive, and active) were lower, the LA longitudinal S max and S preA were lower, and the absolute values of the LA SR s and SR e were lower than in the control group. There was no significant difference regarding LA wall LGE between the 2 groups (stroke group versus control group: 29.3AE17.6% versus 27.1AE16.1%, respectively, P=0.75). LV parameters, including mass index, ejection fraction, enddiastolic volume index, and longitudinal strain, did not show any significant difference between the stroke and control groups.
Univariable and Multivariable Analyses
The univariable and multivariable analyses regarding the association between the CMR-measured parameters and stroke are summarized in Table 3 . In Model 1, a univariable analysis identified larger LA volumes (V max , V preA , and V min ), lower EFs (total, active, and passive EF), lower strains (S max and S preA ), and lower absolute values of SR (SR s and SR e ) as significant contributors to stroke, indicating that all of the LA parameters that differed significantly between the stroke and control groups in Table 2 Figure 3 . LA measurements by tissue-tracking CMR in patients with and without stroke. A, The LA volume, (B) LA global longitudinal strain, and (C) LA strain rate in a patient with stroke (red line) and without stroke (blue line). The patient with stroke has a larger LA volume and smaller strain and strain rate. The LA serves as a reservoir during LV systole, as a conduit during LV early diastole, and as an active pump during late diastole. CMR indicates cardiac magnetic resonance; LA, left atrial; LV, left ventricular; S max , maximum strain; S preA , pre-atrial contraction strain; SR a , strain rate at atrial contraction; SR e , strain rate at LV early diastole; SR s , maximum strain rate; V max , maximum indexed volume; V min , minimum indexed volume; V preA , pre-atrial contraction indexed volume.
Incremental Value of LA Function as a Marker of Stroke
Additionally, we found that adding the CMR-measured LA function significantly improved the statistics of the model on the basis of the conventional risk stratification of strokes ( Figure 4 ). The LA V min provided incremental value over the CHA 2 DS 2 -VASc score, and the diagnostic value was further improved by adding the global LA S max (P=0.017 and 0.009, respectively).
Reproducibility of LA Analysis by Tissue-Tracking CMR
The intra-observer intraclass correlation coefficient was between 0.88 and 0.99, and the interobserver intraclass correlation coefficient was between 0.89 and 0.99 for all measured LA parameters from tissue-tracking CMR (Table 4) .
Discussion Main Findings
We found that greater LA volumes, lower LA EFs, lower strain, and lower peak SR were associated with a prior history of stroke. We also found that LA total EF, LA S max , and SR s , representing the LA reservoir function, are independently associated with stroke or TIA after adjusting for potential confounders and clinical risk factors. These results are consistent with the previous reports that the reduced LA reservoir function assessed using transthoracic echocardiography in the absence of AF is an independent predictor of clinical stroke/TIA 4 as well as subclinical cerebrovascular events detected by brain MRI. 5 Our findings are particularly important because, to our knowledge, this is the first report to demonstrate the significant contribution of the LA reservoir function to stroke in AF patients during sinus rhythm. In contrast to studies that showed a significant association between stroke and the LA reservoir function with echocardiography during AF, 7,8 the sinus rhythm in our study allowed us to assess all the LA function components, including the reservoir function, conduit function, and booster pump function, and to successfully determine that only the LA reservoir function is significantly associated with stroke. This important finding further supports the concept that the underlying atrial fibrosis and subsequent LA dysfunction is mechanistically contributing to cerebrovascular events in AF patients.
Depressed LA Reservoir Function as a Mechanism of Thromboembolic Events in AF Patients
The atrial function consists of 3 components: a reservoir function for pulmonary venous return during LV systole, the conduit function for pulmonary venous return during LV early diastole, and the booster pump function that augments LV filling during LV late diastole ( Figure 3 ). LA total EF, S max , and SR s represent LA compliance and reservoir function, reflecting the passive stretch of the LA during LV systole. The mechanism as to how the depressed LA reservoir function leads to thromboembolic events is unclear. It is possible that the depressed LA reservoir function results in blood flow stasis in the LA and subsequent thrombus formation. Studies have also shown that low LA strains are associated with low flow velocities and thrombi in the LA appendage, 20 which is the most common site of intracardiac thrombus. 21 Of note, since none of the LV indices-mass, ejection fraction, enddiastolic volume, and longitudinal strain-were significantly associated with stroke/TIA, the role of the LA reservoir function in the pathogenesis of intracardiac thrombosis is not due to the indirect consequence of LV function. The possibility that cardioversion-induced atrial stunning could have confounded our findings is low because (1) cardioversion was performed in only a minority of patients in both groups; (2) there was no significant difference in the fraction of patients who underwent cardioversion between both groups; and (3) CMR was performed %8 weeks after cardioversion on average, while cardioversion-induced atrial stunning usually recovers within 4 weeks. 22 In our data set, there was no significant difference in the extent of the LA fibrosis quantified by LGE MRI between the stroke group and the control group. This finding is not consistent with a previous report, 23 but this may be due to a small sample size since only a small number of patients underwent LGE (85 out of 169 patients).
LA Measurements by Tissue-Tracking CMR
CMR has been established as a highly accurate and reproducible imaging modality, and is considered a standard clinical technique for measuring LA dimensions and volumes. 24, 25 We analyzed LA volume and function with tissuetracking CMR, which has been used to measure multiple LA parameters with excellent intra-and interobserver reproducibility in healthy subjects. 10, 11 Consistent with these previous reports, our results showed excellent inter-and intraobserver reproducibility for LA strain analysis with tissue-tracking CMR, which is similar or superior to those of speckle-tracking echocardiography 26 Additionally, tissue-tracking CMR can be performed with a routine cine CMR examination and does not require separate image acquisitions (eg, tagged MRI or displacement encoding with stimulated echoes (DENSE) 27 ) or contrast media, although contrast media might be used in clinical settings to identify LA wall fibrosis in LGE and LA appendage thrombus as a sign of possible impending stroke in CMR angiography before AF ablations. 28 Another strength of tissue-tracking CMR is that it is user friendly. The images can be analyzed within minutes per patient by an operator without prior experience in image analysis, in contrast to LA fibrosis quantification with LGE that require hours of analysis per patient in the hands of an expert.
Clinical Implications
The CHADS 2 and CHA 2 DS 2 -VASc scores are the most widely accepted and validated models to estimate the risk of stroke in AF patients. 13, 14 In addition, an increased LA volume is also associated with a higher risk of stroke. 29 Our results demonstrate that the LA reservoir function is significantly associated with a prior history of stroke/TIA independent of the CHA 2 DS 2 -VASc score and the LA volume (Table 3) . Our results offer a basis for a prospective study to determine the role of LA reservoir function by tissue-tracking CMR in predicting stroke or TIA. This may improve the current risk stratification strategy for stroke and potentially allow for early identification of subjects at risk of stroke, with or without a history of AF. Aggressive clinical management, such as early ablation or pharmacotherapy for AF to improve LA remodeling 30, 31 and early anticoagulation may reduce the risk of stroke in subjects with a high risk of stroke. In addition, further studies are warranted to investigate whether the risk of stroke decreases if LA function improves by these therapies.
Study Limitations
This study represents a single-center, retrospective, crosssectional analysis. Therefore, there is a non-negligible chance of selection bias. For example, the analysis may be missing patients who died of stroke. In addition, CMR was not performed at the time of stroke/TIA, and the time from stroke to CMR could not be determined from the records. When evaluating the predictive value of the LA parameters for stroke, baseline LA strain analysis should ideally be assessed before stroke. Moreover, the stroke mechanism in each patient is unclear from the records. For the deformation analysis, we used only 2-and 4-chamber cine CMR, which was included in a routine image-acquisition protocol. Therefore, it is possible that our analysis underestimated the degree of dysfunction by missing regional dysfunction that was not covered by those 2 views. Since the strain was 2-D and was obtained only in the in-plane direction, the strain values may have been underestimated compared with those in 3-D strains. In addition, the endo-and epicardial contours included the ostium of pulmonary veins and the LA appendage in a small number of patients. This could have led to underestimation of strain values; however, 2 previous studies used the same approach and validated the results. 10, 11 Despite these potential causes of underestimation, our analysis demonstrated a significant association between LA dysfunction and a prior history of stroke with excellent reproducibility (Table 4) . Therefore, we believe that the advantage of our approach outweighs the disadvantage of including more views (eg, multiple short-axis LA slices) and of excluding the ostia area to assess the whole LA deformation, which would increase the scan time and postprocessing burden.
Conclusions
CMR measurements indicate that lower LA total EF, S max , and SR s , representing LA reservoir function, are significantly associated with a prior history of stroke/TIA in patients with AF. Our results offer a basis for a prospective study to determine the role of depressed LA reservoir function by tissue-tracking CMR in predicting stroke or TIA for early detection of the population at risk of developing stroke.
